Introduction
Normal pubertal development and reproductive function depends on the intact release and action of hypothalamic gonadotropin releasing hormone (GnRH). As a precondition, distinct developmental and functional procedures involving the coordinated action of other hypothalamic hormone-receptor systems are required for GnRH disposal. The detailed diagnostic workup of patients with absent or incomplete pubertal development due to gonadotropin deficiency has recently led to the identification of new genetic causes of isolated hypogonadotropic hypogonadism (IHH) [1] [2] [3] [4] [5] [6] [7] . These findings currently improve our understanding of how the onset and course of puberty and reproduction are controlled. The precise classification of the underlying defect in the patient with IHH may, in turn, improve the clinical management including choice and timing of therapeutic intervention.
Normal Onset of Puberty
The hypothalamic GnRH pulse generator constitutes the basis of the CNS control of puberty. GnRH secretion is suppressed during childhood via inhibitory neurotransmitters, mainly gamma aminobutyric acid (GABA) and opioid peptides [8] . After a rest period from approximately two until 8 to 9 years of age, declining inhibitory components and amplifying excitatory transmitters including glutamate and kisspeptin enhance GnRH secretion.
The pubertal increase in GnRH secretion is initiated and prompted by changes in transsynaptic and glial inputs to the GnRH neuronal network [8] . Kisspeptins coordinate environmental and metabolic factors for regulation of the hypothalamic-pituitary-gonadal axis through modulation of GnRH, LH, and FSH secretion and steroid feedback [9] . The pulsatile GnRH release from GnRH-containing neurons with frequency and amplitude modulation is the main determinant of system activation with progression into and through puberty. The stimulatory decapeptide GnRH binds in a hairpin structure to its transmembrane receptor expressed in pituitary gonadotrope cells [10] . The amino-and carboxy-terminal domains of GnRH contribute to receptor binding and activation via extracellular and transmembrane domains inducing conformational changes and signal transduction, thereby inducing synthesis and secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). These gonadotropins bind to their specific receptors in gonads and stimulate synthesis of estrogens and testosterone resulting in clinical signs of puberty. The functional integrity of this hypothalamic-pituitary-gonadal system is the precondition for normal reproductive function [9] .
Causes of Isolated Normosmic
Hypogonadotropic Hypogonadism and Kallmann's Syndrome IHH is characterised by impaired gonadotropin release in the context of otherwise normal anatomical and functional anterior pituitary function. Serum concentrations for LH, FSH, and sex steroids are inappropriately low in the patient with hypogonadism. Clinical signs and symptoms of hypogonadism include bilateral cryptorchidism in males, absent or incomplete puberty with amenorrhea in females, and infertility. The underlying cause may be due to developmental defects of GnRH neurons, impaired functional activity within GnRH neurons, disturbed interaction between the GnRH ligand and its receptor, or the release of intact gonadotropins ( Figure 1 ). While aplasia of GnRH neurons occurs in the context of developmental defects of the olfactory bulb, the clinical symptom of anosmia indicates this kind of GnRH deficiency [4, 5, [11] [12] [13] [14] [15] . Kallmann's syndrome accounts for 50-52% of cases with IHH, while normosmic IHH is found in 48-50% of cases [16, 17] . Disorders of GnRH release have recently been identified as rare causes of GnRH deficiency in patients with normosmic IHH [2, 3, 7] , while inactivating mutations of the GnRH receptor are the most frequent cause for normosmic IHH, especially in familial cases [12, [17] [18] [19] [20] [21] .
Developmental Abnormalities of GnRH Neurons and Anosmia
Developmental defects of the olfactory bulb and GnRH secreting neurons in patients with Kallmann's syndrome are caused by genetic alterations regulating the migration of GnRH neurons from the forebrain to the hypothalamus ( Table 1 ). The KAL1 encoded protein, anosmin-1, is an adhesion protein involved in synaptogenesis, cell adhesion, and olfactory axonal attraction and olfactory bulb morphogenesis [22] . Deletions and mutations of KAL1 account for approximately 10% of Kallmann's syndrome patients [16, 17, 23] . Individuals with KAL1 mutations may present with additional symptoms such as bimanual synkinesia characterised by involuntary "mirror movements" (Figure 2 ) and renal agenesis [16] . Since KAL1 is a X-linked gene, familial Kallmann's syndrome occurring only in males suggests a KAL1 defect. The fibroblast growth factor receptor (FGFR1) gene encodes a tyrosine kinase receptor involved in olfactory bulb development and GnRH neurite outgrowth via FGF signalling and the interaction between FGFR1 and anosmin-1 [22, 24] . Inactivating mutations of this receptor and one of its ligands, fibroblast growth factor 8 (FGF8), have been described in patients with variable degree of hypogonadism mainly with and in few cases without anosmia [4, 14, 15, 22, 25, 26] . In very few subjects with FGFR1 mutations, a complete reversal of GnRH deficiency has been reported [27] [28] [29] . Additional clinical signs observed in these individuals include cleft palate or lip, ear anomalies, and tooth agenesis [4, 15, 25, 29] . Heterozygous mutations and deletions of the FGFR1/ FGF8 system account for approximately 10% of Kallmann's syndrome and normosmic idiopathic hypogonadotropic hypogonadism [14, 25, 26] . The prokineticin receptor 2 (PROKR2), a heptahelical transmembrane G protein-coupled receptor, and its ligand prokineticin 2 (PROK2) are expressed within the CNS including olfactory system, arcuate nucleus, suprachiasmatic nuclei, and median eminence [30, 31] . The PROKR2/PROK2 system is involved in olfactory bulb development and in GnRH neuron migration [32] . Heterozygous, compound heterozygous and homozygous inactivating mutations have been described within the PROKR2/PROK2 system, accounting for less than 10% of individuals with Kallmann's syndrome and normosmic GnRH deficiency [5, [32] [33] [34] . One patient with a heterozygous PROKR2 mutation has been reported with reversal of hypogonadism after treatment with testosterone [28, 34] .
The human nasal embryonic LHRH factor (NELF) gene is a candidate gene for Kallmann's syndrome because of its association with axonal guidance of olfactory and GnRH neurons in mice [35] . Heterozygous mutations within the NELF gene have been reported in few patients with Kallmann's syndrome [36] [37] [38] . So far, the role of NELF in human reproduction is unclear, but NELF may be a critical modifier gene that orchestrates GnRH deficiency in conjunction with other pathogenic genes [36] .
Mutations within the chromodomain helicase DNAbinding protein 7 (CHD7) have been identified in patients with CHARGE association, a syndrome in which hypogonadotropic hypogonadism and hyposmia are associated with choanal atresia, coloboma of the iris (Figure 3 ), cardiovascular malformations, retardation of mental and somatic development, and ear anomalies [13, 39] . Recently, CHD7 heterozygous mutations have been identified in subjects with hypogonadotropic hypogonadism, with and without anosmia [40] . Patients presenting some of the CHARGE syndrome features are more likely to carry CHD7 mutations [41] . CHD7 mutations are found in 5 to 10% of subjects initially classified as Kallmann's syndrome and normosmic IHH patients [40, 41] .
Very recently, heterozygous mutations of WDR11, encoding a WD protein interacting with the transcription factor EMX1, have been identified in six patients with Kallmann's syndrome or idiopathic hypogonadotropic hypogonadism [42] . The interaction between WDR11 and EMX1 is critical for the development of olfactory neurons while WDR11 missense alterations reduce or abolish this interaction [42] . It was concluded from these results that disturbed pubertal development in these patients is caused by deficient WDR11 protein interaction [42] .
Defects of GnRH Release and Synthesis
The identification of inactivating mutations within the G-pro tein-coupled receptor 54 (GPCR54/KISSR) gene has demonstrated the role of kisspeptin, the ligand of GPR54, in the control of GnRH secretion [2, 3, [43] [44] [45] (Table 1) . GPR54/ KISSR is a heptahelical transmembrane receptor, expressed at the surface of GnRH neurons. GPR54 activation via kisspeptin induces GnRH secretion [9] . Neuroendocrine profiles of subjects with GPR54/KISSR mutations revealed low amplitude of LH pulses, suggesting low degree of endogeneous GnRH secretion [3, 46] . Male patients may present at birth with micropenis and cryptorchidism and undetectable gonadotropin levels [43, 46] . GPR54/KISSR mutations account for 2-5% of normosmic IHH [2, 3, 43] . Until now, mutations within the gene of the ligand of GPR54/KISSR, KISS1, have not been described in patients with IHH.
Very recently, homozygous loss-of-function mutations in TAC3, encoding neurokinin B and its heptahelical transmembrane G-protein-coupled receptor TACR3, have been detected in patients with normosmic IHH [7, 47, 48] . Affected subjects showed very low basal LH secretion with nonpulsatile pattern while pulsatile GnRH treatment normalised LH release and circulating sex steroids [47] . These findings indicate a crucial role of NKB, via its receptor NK3R, in hypothalamic GnRH release [47] . The majority of male patients with TACR3/TAC3 mutations presented with micropenis and lack or pubertal development while recovery of GnRH deficiency was observed in a significant number of male and female adult patients [48] . These observations support the importance of the TACR3/TAC3 signaling during the neonatal period and puberty while its role seems less critical in adulthood [48] .
The role of leptin for pubertal development and reproduction has been demonstrated in leptin-null (ob/ob) mice in which leptin administration accelerates puberty and normalises reproductive dysfunction [49] . Leptin, encoded by LEP, is a fat-derived hormone regulating food intake, energy expenditure, and hypothalamic reproductive function. Inactivating mutations in LEP or its receptor LEPR, a single transmembrane-domain receptor of the cytokine receptor family, have been described in patients with hypogonadism and obesity [50] [51] [52] . These loss-of-function mutations are rare causes of normosmic IHH. Treatment with recombinant leptin reconstitutes gonadotropin secretion and menstrual cycles in females with amenorrhea due to congenital leptin deficiency [53] or hypothalamic amenorrhea [54] .
The most obvious candidate gene for patients with hypogonadotropic hypogonadism was GnRH itself after description of the hypogonadal mouse model with homozygous deletion within the GNRH1 gene [55, 56] . However, several studies initially failed to identify GNRH1 gene mutations in humans with hypogonadotropic hypogonadism [57, 58] .
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Very recently, homozygous frameshift mutations within the GNRH1 gene, encoding the preprohormone of GnRH, have been identified in patients with IHH [6, 59] . In accordance with the critical role of GnRH, male patients presented with severe hypogonadism including micropenis. GNRH1 mutations are rare causes of normosmic isolated GnRH deficiency.
GnRH Resistance and Gonadotropin Deficiency
Binding of GnRH to its heptahelical transmembrane receptor in the pituitary gland induces receptor activation and signal transduction, finally resulting in secretion of gonadotropins.
Since the first description of loss-of-function mutation in the GnRH receptor (GnRHR) [1] , many inactivating mutations have been found within the extracellular, transmembrane and intracellular domains of the receptor [11, [19] [20] [21] leading to impaired GnRH action ( Figure 1 ). Depending on the degree of functional impairment, these patients present with complete absence of pubertal development or with incomplete puberty [19] . Loss-of-function mutations within the GnRH receptor are the most frequent cause of autosomalrecessive IHH, accounting for 16% to 40% of patients [18, 21, 60] . Since these patients are resistant to GnRH, the effective fertility treatment is achieved with gonadotropins.
Mutations of the β-subunits of luteinizing hormone (LH) or follicle-stimulating hormone (FSH) are rare causes of hypogonadotropic hypogonadism. LH and FSH are glycoprotein hormones, as thyroid-stimulating hormone and human chorionic gonadotropin (hCG). These heterodimeric hormones consist of a common α-subunit and a specific β-subunit, encoded by separate genes. Females with inactivating mutations of the LH β-subunit present with normal puberty, with normal or late menarche followed by oligoor amenorrhea and infertility due to lack of ovulation [61] . Ovaries in affected women may be enlarged with cysts [62] . Males with inactivating mutations of the LH β-subunit have absent pubertal development due to testosterone deficiency and azoospermia in adulthood because of Leydig-cell hypoplasia [61] [62] [63] . Testosterone replacement may result in an increase of testicular volume in the context of high FSH levels [61] . Individuals with inactivating FSHβ mutations present with incomplete pubertal development and primary amenorrhea in females and azoospermia in males [64] [65] [66] . Treatment with recombinant FSH induces ovulation but was associated with signs of ovarian hyperstimulation which may be explained by high pretreatment LH levels [67] .
Clinical Implications
Since pulsatile GnRH secretion is required for descent of the testis in the male fetus, patients with gonadotropin deficiency during fetal life may present with cryptorchidism and variable degree of male undervirilisation. Additional symptoms such as impaired sense of smell, bilateral synkinesia, cleft palate, or choanal atresia are suspicious for specific congenital diseases associated with GnRH deficiency (Table 1) . Absent or incomplete pubertal development leading to detailed diagnostic workup may identify congenital GnRH or gonadotropin deficiency.
Hormonal replacement therapy during adolescence is frequently delayed, although earlier signs and symptoms of the patient would have predicted hypogonadotropic hypogonadism. Since hormonal induction of puberty does not always require the definite identification of the underlying cause of GnRH or gonadotropin deficiency, some individuals are investigated only later in life because of infertility. In most cases of IHH, gonadotropin treatment induces ovulation and spermatogenesis [68, 69] , while patients with inactive GnRHR variants will not respond to normal doses of GnRH treatment [70, 71] . This GnRH resistance has been overcome with higher GnRH doses in one subject with partially inactivated GnRH receptor mutations [72] .
In addition to absent or incomplete pubertal development and infertility, further clinical variants of GnRH and gonadotropin deficiency associated with genetic variants have been recently observed. These variants include adultonset idiopathic hypogonadotropic hypogonadism [73] , functional hypothalamic amenorrhea [74] , and spontaneous reversals of well-established GnRH deficiency following long-term therapy with testosterone [28] . Although the mechanisms of reversal of hypogonadotropic hypogonadism are unclear, it is speculated that GnRH neuron plasticity in adults may be modulated by sex steroids [28] . Brief discontinuation of hormonal replacement may, therefore, be reasonable to assess if hypogonadotropic hypogonadism is reversible or persistent [28] .
After a detailed individual and family history and physical examination evaluating the degree of hypogonadism and presence of associated clinical symptoms (e.g., Figures 2  and 3) , a molecular genetic analysis enables in many cases definition of the underlying defect. Monogenic, digenic, or even oligogenic inheritance of GnRH deficiency has been observed explaining the variable phenotypic spectrum [17, 28, 36] . Alterations in two or more distinct genes in one patient may induce a more severe phenotype than a singlegene mutation and lead to the overlap of two or more clinical syndromes. Rare genetic variants may further contribute to the susceptibility of individuals to functional changes in GnRH secretion such as hypothalamic amenorrhea, a common multifactorial disease [74] . Genetic counselling is offered in case of genetic diagnosis to first-degree family members. However, approximately 60-70% of cases with Kallmann's syndrome and 50% of patients with normosmic IHH are of unknown origin [60] . These patients and families should be encouraged to participate in ongoing research projects including DNA biobanking. In any case, early diagnosis of GnRH deficiency during childhood represents the requisite for induction of puberty in due time.
Hormonal Treatment of IHH
The hormonal induction of puberty in a hypogonadal adolescent aims to mimic normal pubertal development. Hormone replacement in adolescents is usually initiated with low dose of sex steroids and augmented over 3 to 5 years until 6 International Journal of Endocrinology mature status is reached. In girls, estradiol orally is preferred, starting with one-sixths of the adult dose daily, increasing every 6 months by 1/6 and adding gestagens from the second year on day 1 to 12 of each month [75] [76] [77] . In boys, testosterone replacement is initiated most frequently with testosterone enanthate 50 mg per month intramuscularly, with increasing dose every 6 months until 250 mg is given every 3 weeks in the third year. While testosterone treatment effectively induces virilisation including penile growth, pubic and male hair and beard growth, change of voice, libido, and pubertal growth spurt, testicular volume remains small, lacking spermatogenesis. LH stimulates intratesticular testosterone secretion by Leydig cells inhibiting Anti-Müller's hormone production of the Sertoli cells, FSH induces testis growth via proliferation of seminiferous tubules, and both stimulate Inhibin B secretion by the Sertoli cells and sperm maturation. Therefore, induction of puberty using gonadotropins or pulsatile GnRH seems a more physiologic approach in the adolescent with hypogonadotropic hypogonadism and has been successfully used [78] [79] [80] [81] [82] . To further assess the benefit of GnRH or gonadotropin treatment for pubertal induction, prospective randomised trials are needed.
During adulthood testosterone replacement may be continued by daily transdermal application of testosterone gel or injection of the long-acting testosterone undecanoate intramuscularly every 3 months. Fertility treatment usually requires gonadotropin treatment with hCG and FSH or may alternatively, initiated by pulsatile GnRH treatment [80] [81] [82] . GnRH given every 90 minutes by a subcutaneous placed pump is the most physiologic therapy of GnRH deficiency, except in case of GnRH resistance, but is associated with higher costs and technical support. In rare cases of leptin deficiency, specific leptin treatment has been effective for treatment of hypogonadism [53, 54] . In general, long-term replacement of sex steroids is required not only for sexual and reproductive function but also for bone health and metabolic (glucose and fat) integrity in patients with hypogonadotropic hypogonadism.
Conclusion
The discovery of new genetic causes of hypogonadotropic hypogonadism gave new insights into the regulation of puberty and reproduction in humans. With the identification of genetic variants in GnRH-deficient patients, it became clear that monogenic, digenic, and oligogenic traits of inheritance may explain the variable phenotypic spectrum. In more than 50% of patients with IHH, the underlying defect is still unknown, demonstrating the need for further research activity in this field. The precise diagnosis facilitates appropriate treatment and counselling in affected patients. Established treatment procedures for hormonal induction of puberty might be reconsidered, since pulsatile GnRH and gonadotropin treatment are effective and more physiologic alternatives. To investigate the benefit of different therapeutic options on quality of life and fertility, prospective randomised controlled trials with long-term followup have to be conducted. For these future research directions, national and international scientific networking will be advantageous.
